Conventional seismic processing requires that data contain only primary reflections, while real seismic recordings also contain multiples. As such, it is desirable to predict, identify and attenuate multiples in seismic data. This task is even more challenging in elastic (solid) media. In this work, we develop a method to predict prestack internal multiples in general elastic media based on the Marchenko method and convolutional interferometry. It can be used to directly identify multiples in prestack data or migrated sections, as well as to attenuate internal multiples by adaptively subtracting them from the original dataset. We demonstrate the method on a synthetic dataset containing horizontal and vertical density and velocity variations. The full elastic method is computationally expensive and ideally uses data components that are not usually recorded. We therefore test an acoustic approximation to the method on the synthetic elastic data, and show that although the spatial resolution of the resulting image is reduced by this approximation, the multiples are still predicted accurately with minor artifacts. We conclude that in most cases where cost is a factor and we are willing to sacrifice some resolution, it may be sufficient to apply the acoustic version of this demultiple method.
INTRODUCTION
Multiples (waves that have reflected multiple times) in seismic reflection data cause errors in several important areas of exploration seismology including migration, reflection tomography and velocity estimation. It is desirable to predict, identify and attenuate multiples in seismic data. This task is more difficult in elastic (solid) media, as mode conversions create families of internal multiples not present in the acoustic case. In acoustic media, there are several methods to identify or remove internal multiples but in elastic media, only the elastic inverse scattering series (Coates and Weglein, 1996; Matson and Weglein, 1996) is known to achieve this. In this work, we develop a method to predict prestack internal multiples in general elastic media based on the acoustic method of Meles et al. (2015) , which in turn uses the techniques of seismic interferometry and Marchenko redatuming.
THEORY
Elastic seismic interferometry prescribes ways in which the elastodynamic Green's functions between two points can be written as convolutions or correlations of Green's functions from or to a certain boundary. Let G (v, f ) (p,q) (x r , x s , ω) represent the elastodynamic Green's function in the angular frequency (ω) domain measured at x r from an impulsive source at x s . Following the notation of Wapenaar and Fokkema (2006) the first superscript refers to the received quantity (v, τ, φ for velocity, stress and potential, respectively) and the second to the emitted quantity ( f , h, φ for external volume force density, deformation rate density and potential, respectively). Subscripts represent the components of the received and emitted quantities, respectively. Considering a boundary ∂ D which encloses x r but not x s (Figure 1 ), the following relationship can be established between elastodynamic Green's functions (Wapenaar and Fokkema, 2006) :
where we have suppressed the frequency dependency to simplify notation, and apply the Einstein summation convention for repeated subscripts. Here, ρ represents the medium density, c k is the seismic propagation velocity on boundary ∂ D assuming that this is constant, k denotes the P-(0) or S-(1 to 3) wave polarizations, and repeated subscript indices imply Einstein summation. Equation 1 is valid if we assume that the medium at and outside the boundary is homogenous and isotropic, and the boundary is sufficiently distant from x r and x s such that the P-and S-wavefronts at x are locally approximately tangent to the boundary. Constructively interfering contributions to the integral in equation 1 come mainly from regions around points where the phase of the integrand is stationary. Therefore, instead of considering full boundaries, it is enough to have boundaries that sample around the stationary regions. Figure 1a shows a typical geometry for the interferometric integral above, with stationary points shown as solid black circles and squares. Every stationary point in such a geometry is located along the horizontal parts of the boundary. Consequently, we approximate the integrals in equation 1 by considering partial boundaries consisting of horizontal lines in the subsurface such as shown in Figure 1b .
When integrated along these horizontal boundaries, the contributions of the products of Green's wavefields with the same direction (up-up and down-down) vanish, i.e. they do not contribute energy to the integral. The only products which do contribute are those with opposing directions: up-down and down-up (Wapenaar and Haimé, 1990) . Therefore, when we apply receiver-side wavefield decomposition (G = G + + G − ) to the fields inside of the integral in equation 1 we obtain
where the superscripts − and + denote up-and down-going wavefields, respectively.
If we discriminate the wavefields in equation 2 in relation to their number of reflections, we notice that not all terms construct primaries. In fact, primaries can only be created by convolving a direct field (no reflections) and a singly-reflected field. In Figure 1 those events which involve a direct field are denoted by the black circles. Consequently, if only the square stationary points are used, that is, if we convolve two events that have at least one reflection each, then equation 2 only constructs multiples. Moreover, integration over the boundary ∂ D top never contributes square stationary points, and can be dropped. We conclude that we may construct internal multiples (IM) which reflect at least once both below and above ∂ D j by using the following expressions:
where the Green's function subscript M stands for multiplyreflected wavefields.
Equations 3-5 can only be applied if one has the directionally decomposed Green's functions at subsurface points. While the up-going field is commonly estimated by backpropagation of the reflected data and the direct down-going field may be modeled given an approximate or reference velocity model, the multiply-scattered down-going field has been unavailable from conventional redatuming methods. Recently however, so-called Marchenko methods have been developed which allow reconstructions of both the up-and down-going fields at arbitrary subsurface points, in acoustic media (Broggini et al., 2012; Wapenaar et al., 2013) and elastic media (da Costa et al., 2014 Wapenaar and Slob, 2014) . Note that equations 3-5 could be written for all types of multiples that reflected above and below ∂ D j if an elastic Marchenko method that includes free-surface multiples is used; only our particular Marchenko implementation limits it to internal multiples.
METHOD
The theoretical considerations described above are used to design a method for elastic internal multiple estimation. The method consists of the following four steps:
1. Define a horizontal boundary ∂ D j at a chosen subsurface depth. For a set of sample locations along ∂ D j estimate the up-and down-going fields G +/−(φ , · ) (N, · ) (x, x r/s ) using Marchenko methods.
2. Use the estimated direct-wave traveltime to mute pure mode direct-waves and artifacts in the up-and downgoing Green's functions, guaranteeing the estimates will be free from primaries or artifacts.
3. Apply equations 3-5 using the fields obtained in the previous step to estimate the internal multiples for each source/receiver combination:
4. Repeat steps 1-3 for each depth level to construct the multiples associated with it.
EXAMPLE
We tested the method in a solid-Earth-type model containing a significant anticline with added stochastically generated vertical and horizontal heterogeneity in density, P-wave velocity and S-wave velocity. Density and P-wave velocities are shown in Figure 2 ; S-wave velocity is set at 0.85 km/s in the first layer, and calculated with the formula V S = 0.5832V P − 0.0777 below that (Castagna et al., 1993) . In step one of the method we chose three depth levels between the multiple generating boundaries to place virtual receivers as in Figure 2 . Using a smooth model, we computed direct arrivals to these virtual receivers, and used the elastic Marchenko method to calculate the up-and down-going fields at each of these locations. In step two, we muted the forward-scattered arrivals from these fields, and in step three obtained the prestack gathers of estimates of the internal multiples.
According to equation 3, for each subsurface boundary (in this case for ∂ D 1 , ∂ D 2 and ∂ D 3 ) the method predicts two prestack datasets containing only multiples. The first dataset contains all multiples which, at that subsurface boundary, are constructed using P-wave potentials, and the second contains all multiples which are constructed using S-wave potentials.
We stack all the P-wave multiples from each boundary and compare it to the original data ( Figure 3 ). The identifiable multiples in the original data ( Figure 3a) can be distinctively recognized in the predicted dataset (Figure 3b) , showing that the algorithm has performed well in predicting several multiples in the prestack data.
The full elastic theory requires knowledge or accurate estimation of wavefield components not usually available in seismic acquisitions. It is of interest to evaluate the performance of the method when lacking many of these components. Therefore we reduce the 16 component (in 2D) elastic tensor to only one of its components, namely G
, and use it to perform the acoustic multiple prediction method of Meles et al. (2015) . This can be seen as a pseudo-acoustic approximation to the elastic method (see Appendix C of da . We contrast the results obtained with the approximation with results obtained in the full elastic theory. Figure 3c shows the prestack multiples obtained using this pseudo-acoustic approximation. While all prominent multiples appear to be correctly Figure 3: Section of common shot gathers (CSGs) of (a) the original data, (b) the predicted multiples using P-wave subsurface receivers in the full elastic formulation, and (c) the predicted multiples using a single-component approximation and the acoustic multiple prediction method. The quantity shown is the vertical particle velocity from a vertical force source. White arrows show multiples which are present both in the original data and in the predicted datasets. The black arrows indicates an artifact.
predicted, minor artifacts are also generated.
Next, we migrated the original data and the internal multiples using dynamically correct elastic RTM (Ravasi and Curtis, 2013) . The result of PP imaging is shown in Figure 4 . Figure 4a shows the migrated original data containing the true reflectors (overlain curves), but also a number of spurious reflectors generated by internal multiples (arrows). These spurious reflectors can be seen in Figure 4b which shows the migration of only P internal multiples. As expected, this image contains no true reflectors, but is useful as it identifies internal multiple-related artifacts present in the original RTM image in Figure 4a . For example, structures indicated by arrows in Figure 4a also exist in Figure 4b , showing that they must be the result of migrating multiples.
We migrate for comparison the single component of the reflection using acoustic RTM, as shown in Figure 4c . The migrated pseudo-acoustic multiple-predicted data is shown in Figure 4d . As expected from the CSGs, multiples are well estimated by the pseudo-acoustic method, as shown in Figure 4d . Moreover, the artifacts seen in the CSG do not appear to be coherently imaged. We also observe a loss of resolution which affects the pseudo-acoustic migrated data. These results show that even given the dramatic reduction in the number of components used, multiples can still be effectively estimated in elastic data by using acoustic processing with minor side effects.
SS-wave migrated images using the original S-wave gathers and the image from migrating only S internal multiples are shown in Figures 4e and 4f , respectively. Again, migrating the original data creates true but also spurious structures, the strongest of which are indicated by arrows. The spurious Sreflections in Figure 4f show a good mapping of where internal multiples are present in the original image, as is observed in the PP images.
Images in Figure 4 show that multiples are well predicted kinematically with our method. These results suggest that the method may also be used for internal multiple attenuation in prestack data, especially for SS images which show the best spatially resolved, and most coherently migrated multiples.
Elastic internal multiple prediction : PP images from dynamically correct elastic RTM of (a) the original data, and (b) predicted multiples using P-wave subsurface virtual receivers. PP images from acoustic RTM of (c) a single component of the original data, and (d) predicted multiples using the pseudo-acoustic approximation of the method. SS images from dynamically correct elastic RTM of (e) the original data, and (f) predicted multiples using S-wave subsurface virtual receivers. All images have a gain proportional to depth applied to enhance lower reflectors, and have had low-frequency artifacts removed. Solid red lines denote the position of the true interfaces and arrows show artifacts created by multiples.
CONCLUSION
We have presented a method to estimate internal multiples in prestack elastic reflection data, based on interferometry and the elastic Marchenko method. It consists of computing up-and down-going elastic Green's functions from the surface to virtual subsurface points at certain depths, and using convolutional interferometry to construct only internal multiples. The method requires no detailed knowledge of reflectors, and only requires a smooth macromodel of P and S velocities such as those used in migration. We applied the method to a numerical model containing density and velocity variations, and demonstrated how it can be used to identify internal multiple-related spurious reflectors in prestack and migrated data. We also evaluate how the elastic method compares to using the acoustic method on a single component of the data. We show that even in this situation, internal multiples may be predicted with relatively minor side effects.
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